Abstract In this paper several transport phenomena are described and explained through the properties of micro-instabilities. Linear and quasi-linear theory are used, which give a reasonable qualitative description of the relatively weak turbulent state of the plasma core. The paper deals with the following phenomena: density peaking, electron heat transport, density pump-out, reactor density profiles, stabilisation of the ion temperature gradient mode in transport barriers.
Collisionality dependence of particle transport
A clear dependence of density peaking on collisionality in H-mode plasmas has been observed on ASDEX Upgrade plasmas [1, 2] , and has recently been confirmed in experiments on JET [3] . The ASDEX Upgrade results are shown in Fig. 1 , where the density at ρ tor 0¡ 4 over the value at ρ tor 0¡ 8 is plotted as a function of the collision frequency normalised to the drift frequency ν eff ν ei
ek , with n e being the electron density in 10 19 m¤ 3 , and T ek the electron temperature in keV. Except for the lowest densities, H-mode plasmas are dominated by the ion temperature gradient mode (ITG). In low beta collisionless plasmas it is then mainly the non-adiabatic trapped electron response that can generate a particle flux. The electrons are collisionless in the sense that they perform many bounces in a collision time. However, the frequency (and growth rate) of the mode is not necessarily large compared with the de-trapping frequency of the trapped electrons. The comparison of the timescales is roughly expressed by ν eff . For values of this parameter much larger than 1 the trapped particle response is strongly reduced on the timescale on which the mode grows, leading to a strongly reduced particle flux. This, in itself, does not explain the change in the peaking of the density profile, but indicates that the collisionality is a key parameter. It does, however, directly explain the observation that density profiles need more time to adjust at higher densities (higher collisionality). To gain insight into the physics of particle transport we will first investigate the different possible contributions to the particle flux in a collisionless model. A generic model containing the electron continuity and energy balance equation yields for the particle flux (Γ) [5] 
where f t is the trapped particle fraction, D ql is the quasi-linear diffusion coefficient, and C T C q 1¨2C T ¢ 3 are two parameters that depend on the mode frequency and growth rate. The particle flux consists of three contributions: A diagonal term (R ¢ L n ) which represents the particle diffusion. A thermodiffusive term (R ¢ L Te ) and a term related to the curvature of the magnetic field R∇B ¢ B. In all the cases discussed in this paper the particle source plays a minor role in the determination of the density profile. The density gradient is, therefore, determined by the condition of approximately zero flux (Γ £ 0), and it follows from the equation above that i.e. the equilibrium density gradient is independent of the quasi-linear diffusion coefficient. In the description above, however, one has to keep in mind that an unstable mode does not exist in the whole parameter space (i.e. there is a second trivial solution to Γ 0 namely D ql 0). A net inward particle flux due to the curvature pinch does not exist, because the mode would be stable in the corresponding region of parameter space. The electron temperature gradient, however, can generate a net inward flux. The generic model descibed above is a subset of the gyrofluid model GLF23 [4] . The latter model contains the physics of the ITG and trapped electron mode (TEM) system as well as the dissipative effects introduced by collisions on the mentioned instabilities. It predicts [5] that the particle flux decreases with increasing collisionality as expected from the physical picture sketched above. The off-diagonal terms that are directed inward, i.e. the pinch velocity, however, decrease more strongly than the particle diffusion, as is shown in Fig. 1 . This leads at higher density (and collisionality) to flater density profiles. By modifying the model, taking out the collisional effects, it has been checked that the above mentioned effects are indeed directly related to the collisions.
Electron heat transport
Electron heat transport under dominant electron heating has been extensively studied in ASDEX Upgrade [6] [7] [8] , using electron cyclotron resonant heating (ECRH). These studies have (among others) lead to the following results: the electron heat flux is a non-linear function of the electron temperature gradient. There is evidence for a threshold in the electron temperature gradient below which the electron heat transport (nearly) vanishes. The profiles with central heating at different heating powers are resilient against profile changes. This resilence is, however, not absolute. Off-axis heating allowing for a large reduction of the heat flux in the confinement region, does lead to profile changes as can be seen in Fig. 2 . The electron heat transport has been investigated using the gyro-kinetic stability code GS2 [9] . This study [10] has enabled the explanation of many of the features described above. It has been found that the dominant micro-instability for low line averaged density (n lin 3 10 19 m¤ 3 ) is the trapped electron mode (TEM). The ion temperature gradient mode (ITG) can be unstable as well, but has generally a lower growth rate. The electron temperature gradient (ETG) mode, however is stable due to the large electron to ion temperature ratio. The sensitivity of electron heat transport on plasma parameters has been studied with GS2 
¢
T e is sensitive to the density gradient, collisions as well as the magnetic shear. The density gradient contributes strongly to the drive of the mode, and at a sufficiently large density gradient the mode is unstable for all temperature gradients. The magnetic shear stabilizes the mode both a high positive as well as at negative shear. The growth rate at the poloidal wave number where it has its maximum, is less sensitive to the safety factor, and ion temperature. Figure 2 shows a set of experiments in which the heat flux in the core region was varied, without changing the heat flux in the outer region [8] . This has been done by switching the ECRH power from on to off-axis, while keeping the total power constant. These experiments aimed at the investigation of the heat flux as a function of the electron temperature gradient, with minimal changes to the electron temperature itself. The latter would have a strong influence through the gyro-Bohm factor. Also shown is a comparison of the normalized electron heat flux (eliminating the gyro-Bohm factor and safety factor dependence) with the quasi-linear calculations of the GS2 code. One free parameter, the saturation level, is adjusted here, and the heat flux has been calculated for the poloidal wave vector for which the growth rate is maximum. The plasma parameters used in the stability calculations are T e 1¡ 5 keV, n e 2¡ 16 . The ITG transports both ion as well as electron heat, but the latter is smaller than the former. The transition to a dominant ITG is, therefore, also closely connected with the collisional energy coupling of the channels, increasing the ion heat flux, and controlling the transition over the gradients and temperature ratio. Since the ITG is dominantly driven by the ion temperature gradient, the electron heat flux becomes a weak function of the electron temperature gradient. The heat conductivity coefficient as determined from the heat wave χ HP ∂q e ¢ ∂n∇T decreases strongly compared with the power balance χ PB value. This behaviour is shown in figure 3 . Intrestingly, the transition from a dominant TEM to a dominant ITG, as indicated by the shaded region in the right graph, coincides with the transition from the Linear Ohmic Confinement regime to the Saturated Ohmic Confinement regime.
Density pump out
An important phenomenon in the determination of the density profile shape is the so-called pumpout. This refers to an observed flattening when heating (mostly electron heating) is applied. Investigations on ASDEX Upgrade [5] have, however, shown that this is not a universal phenomenon. In H-mode plasmas flattening occurs at low density n lin £ 4 1 0 19 m¤ 3 as well as at densities close to the Greenwald limit, with the profile showing a small peaking at the intermediate densities. A similar behaviour is observed in L-mode plasmas, as shown in Fig. 1 by the coloured symbols. The lines connecting these symbols show the change in peaking when going from the Ohmic (open symbol) to the ECH heated phase (closed symbol). Again this observation can be explained by the behaviour of the ITG/TEM system. The explanation is through the thermo-diffusive pinch in the particle flux. Many experiments have reported that there is no evidence for such a term, but it must be noted that R ¢ L Te as well as C T can be weakly varying with plasma parameters for a large part of the parameter space, making the effect difficult to observe. It was, however, shown [5] that the thermo-diffusion coefficient C T changes sign (from inward to outward) if the mode rotation changes from the ion diamagnetic (ITG) to the electron diamagnetic direction (the direction of the TEM). Linear GS2 simulations of the L-mode discharges, shown in Fig. 2 (diagram with the mode frequency ω r ), confirm that the cases with density profile flattening have indeed the TEM as dominant instability, whereas at higher density the dominant mode is an ITG and, consistently, no flattening occurs. In the low density region the application of RF electron heating leads to a much larger electron temperature, and consequently a larger (negative) frequency of the mode. The thermodynamic outward pinch increases, leading to a profile flattening. Note from the right panel of figure 3 that in the low density region the ratio of heat pulse to power balance conductivity is high, whereas it is reduced in the higher density region, consistent with the GS2 calculations of a dominant TEM in the first and a dominant ITG in the latter region. The similar observation in H-mode at low density is explained in the same way. Here, a transition to dominant TEMs is generated at low density through the lower collisionality, as well as the larger density gradient, which gives more drive to the TEM. Again density pump-out is observed in the dominant TEM parameter region. In the L-mode discharges with line averaged densities around 3.5 10 19 m¤ 3 both TEM and ITG are equally strong. In this region the thermo-diffusion is expected to be very small [5, 11] . The application of ECRH leads to a density peaking, which is consistent with a collisionality decrease generated by the higher electron temperature. This is the first evidence that the collisionality dependence of the density peaking plays a role in the L-mode as well.
Density profiles in a reactor
The studies presented in this paper have a strong impact on the expected density profile in a reactor. Current experiments at the density limit have a flat density profile which, in the lack of adequate models for prediction, is a reason to assume that this will also be the case for a reactor [13] . However, current experiments at the density limit have a high normalised collisionality, whereas this value is low in a reactor close to the density limit. From the collisionality dependence of the density peaking in H-mode discharges one expects, therefore, a more peaked profile than in present experiments at the density limit. There is a difference with current experiments also through the heated channel. The alpha particle heating in a reactor is mostly electron heating, and can lead to density pump out. The studies of the previous section, however, show that this pump out can only be expected when the dominant mode is a TEM. At low collisionalities a sufficient large density gradient is necessary for the TEM to dominate and, consequently, Simulations for ITER parameters have been performed with the GLF23 model [14] , with the results shown in Fig. 4 . Here the volume averaged density " n e# 10 20 m¤ 3 is 80% of the Greenwald density and a edge pedestal temperature of 5 keV has been used to obtain an energy multiplication factor Q 10, with 40 MW of NBI heating. Shown are the results of the GLF23 model (red line) together with the standard assumption (dashed line) as well as the result of the Turbulent Equipartition theory (pink line). The peaking of the density can be calculated to lead to an increase of 30% in the energy multiplication factor compared with the flat profile, for the same volume averaged density and ion temperature profile. Analysing the growth rates of the modes it turns out that the working point is in the region in which the TEM and ITG are roughly equally strong. The thermo-diffusion is, therefore, expected to be small, and the density gradient determined by the curvature pinch. In this case very good agreement with the TEP [15, 16] theory is obtained.
Stabilisation of the ITG in transport barriers
Further theoretical as well as experimental work has clarified several points in the stabilisation of the ITG in ion temperature transport barriers in ASDEX Upgrade. The standard paradigm that the shearing rate (ω E $ B ) should exceed the growth rate (γ) of the most unstable mode can, so far, not be established, as shown in Fig. 5 [18] which compares the shearing rate with the growth rate, calculated without (red) and with (blue) the Shafranov shift. On the thick black line the criterion is satisfied. The grey area shows the quoted uncertainty of a factor 2.5 in the criterion [17] , but there exist barriers for which γ 4ω E $ B . The growth rates are again calculated using GS2, and the shearing rate is obtained from the toroidal rotation only (the neoclassical poloidal rotation does not largely change the result). The figure on the right of Fig. 5 also shows the position of the barrier top and foot compared with the position of the minimum q surface. Barriers have a tendency to span over the zero shear region, although there are barriers that lie entirely in the region of positive shear. In order to resolve the discrepancy two non-standard mechanisms, which could change the growth rates of the modes have been investigated: the uniform electric field and zero magnetic shear. Previously, it has been reported that a uniform electric field can stabilise the ITG in ASDEX Upgrade [19] . The mechanism through which this occurs is the poloidal rotation of the mode due to the E ! B velocity, moving it in the favourable curvature region in which the mode is stable. It has now been found [20] that the background distribution used for this stability calculations plays an important role. A proper background, which is a solution of the gyrokinetic equation has been constructed, and is shown to have a freedom in the choice of the toroidal rotation at a given radial electric field, while always satisfying the radial force balance. The stabilisation occurs only when the toroidal rotation is small, while it is absent in the case with toroidal rotation. This is shown in figure 6 which shows the mode structure for a certain value of the electric field, with and without rotation, as well as the growth rate as a function of the electric field (again with and without toroidal rotation). The parameters in this calculations are
It can be seen that with an electric field and zero toroidal rotation the mode is indeed rotated in the poloidal direction, and is more stable. However, when the poloidal plasma rotation is zero, and the electric field is entirely connected with the toroidal rotation, there is no stabilising effect. This means that the stabilisation by a uniform radial electric field does not play a large role in the experiment, since the electric field is found to be dominantly connected with a toroidal rotation. A second possible mechanism is a strong stabilisation at zero shear (The ballooning transform used in GS2 and many other stability calculations can not be used for this case). On this subject several contradicting results have been published. The role of zero shear has been investigated using a newly developed global (simple torus) linear ITG code [21] . The global simulations show that zero shear does not lead to strong stabilisation despite the absence of resonant modes. The coupling between different poloidal modes is stronger than the damping due to the fact that they are non-resonant. This allows for the formation of a global mode with a ballooning structure, and a growth rate almost equivalent to the one with finite shear. Both the uniform electric field as well as the zero magnetic shear, therefore, fail to explain the discrepancy between the shearing and growth rates. Three speculations on mechanisms that could do so are currently favoured: 1. There is a significant amount of non-thermal ions that leads to a stabilisation of the modes [22] , 2. The pressure gradient of non-thermal ions, currently not included in the Shafranov shift calculation leads to further stabilisation (note that the Shafranov shift has a large impact in Fig. 5, 3 . the barriers with the high growth rates are generally very narrow. Global effects (second derivatives of the profiles) could play a role.
